Host antibody response is a crucial defense against pathogenic infection. Here, we report a novel technique allowing quantitative measurement of polyclonal antibody response in vivo. This involves expression of a combinatorial library of target proteins from a candidate pathogen on the surface of yeast Saccharomyces cerevisiae. After mixing with serum/plasma from infected or immunized subjects, positive yeast clones were isolated via fluorescence-activated cell sorting (FACS). Using this technique, we have studied mouse immunized serum with recombinant hemagglutinin (HA) protein from a human influenza H5N1 strain (A/Anhui/1/2005) and convalescent plasma from an infected human in China. Our technique has identified novel antigenic domains targeted by serum/plasma and allowed calculation of the relative proportion of the antibody response against each domain. We believe such systematic measurement of an antibody response is unprecedented, and applying this method to different pathogens will improve understanding of protective immunity and guide development of vaccines and therapeutics.
A major component of adaptive immunity is the antibody response (1) . Polyclonal by nature, the antibody response in vivo mobilizes a dynamic and complex mixture of monoclonal antibodies (mAb) targeting various antigenic domains on the proteins of the pathogen. Although it is known that different antigenic domains trigger fundamentally different polyclonal antibody responses, existing methods have been inadequate in specifying which antigenic domains are recognized and in measuring what proportion of the overall response is attributable to each antigenic domain (1) (2) (3) .
In many cases, disease status or vaccine efficacy can be predicted by enzyme-linked immunosorbent assay (ELISA) or neutralization assays (1) . ELISA usually measures the concentration of binding antibodies against pathogen proteins, whereas neutralizing assays measure the capability of antibodies in suppressing pathogen replication (1) . Antibody-dependent cell-mediated cytotoxicity assays can also be used to study subsets of immune effector cells (1) . However, these types of assays are inherently holistic and do not identify specific antigenic domains preferentially recognized in vivo.
Recently, elegant systems for retrieving large numbers of mAbs directly from host memory B cells have been reported (4 -9) . There are studies in which several hundred mAbs from HIV-or influenza-infected patients have been retrieved (5) (6) (7) . Analyses of these mAbs have identified several major antigenic domains in HIV-1 and influenza virus preferentially recognized in infected individuals (4 -9) . Yet attempts to restore broadly neutralizing serum activity by pooling these mAbs together were only partially successful (5) . It is possible that antigens used to isolate these mAbs did not adequately approximate the native structure of the pathogen of interest or that the proportions of pooled antibodies were not equivalent to those in the serum. Regardless, this suggests that the polyclonal antibody response in vivo is far more complicated than simple addition of monoclonal antibodies and is beyond what the peripheral memory B cells can be accounted for in the blood.
Attempts have also been made to use either peptide fragments or whole functional domains of antigens to probe polyclonal response in vivo (5, 10, 11) . However, as peptide fragments are too short and the functional domains are too long, neither of these approaches has provided comprehensive results. Thus, as routine or elegant as they are, these available measures remain inadequate. Here, we report a novel technique that provides both qualitative and quantitative measurements of polyclonal antibody response in vivo. This approach involves the construction and expression of a combinatorial library of target proteins from the pathogen of interest on the surface of yeast Saccharomyces cerevisiae (12) (13) (14) . Serum/plasma from infected or immunized subjects is mixed with yeast expressing these libraries. Positive yeast clones reactive to the polyclonal serum/plasma are isolated using FACS. Sequence analysis of a sufficient number of sorted single yeast clones using algorithms for sequence scanning and clustering, the antigenic domains recognized, as well as the relative proportion of the polyclonal serum reactive to those domains, can be calculated.
EXPERIMENTAL PROCEDURES
Plasmid, Yeast Strain, and Monoclonal Antibody-The plasmid pCTCON2 for yeast surface display was kindly provided by Dr. K. Dane Wittrup, Massachusetts Institute of Technology (12, 13) . Yeast clone S. cerevisiae EBY100 was from Invitrogen (catalog no. C839-00). Monoclonal antibody (mAb) AVFluigG03 recognizing a conformational epitope within the H5N1 HA region was kindly provided by Dr. Minfang Liang, Chinese Center for Disease Control and Prevention (15) .
Immunization and Serum Samples-The recombinant HA was produced in insect cells using pAcGP67B baculovirus transfer vector (BD Biosciences), and peptides were synthesized at proteomic center of the Rockefeller University, New York. BALB/c mice were primed on day 0 and then boosted on day 14 and 28 intramuscularly with either peptides (ATGLRN-SPLRERR-OVA, KVNSIIDKMN-KLH, and YNAELLVLMEN-ERTLDFHD-OVA) or the ecto-domain of HA of highly pathogenic human influenza H5N1 (A/Anhui/1/2005) identified in China (16) . For recombinant HA, adjuvant oil in water (Sigma adjuvant system S6322) was used throughout the immunization procedure. Approximately 20 g/mouse was used for priming, and 10 g/mouse was used for subsequent boosting. The serum samples were collected before and throughout the immunization procedure and stored at Ϫ80°C until use. All procedures for animal use and care were approved by the Institutional Committee on Laboratory Animals at Tsinghua University. Convalescent plasma from H5N1 in the infected patient was obtained with informed consent (17) . The study was approved by the institution's ethics committee at Shenzhen Donghu Hospital, Shenzhen, China.
Construction of H5N1-HA Combinatorial Libraries Displayed on the Surface of Yeast S. cerevisiae-The yeast surface display vector pCTCON2 was modified with additional T-overhang (pCTCON2-T) for the construction and expression of the combinatorial antigen library directly from the PCR-reassembled fragments (see below). The full-length HA gene from a human H5N1 virus in China (A/Anhui/1/2005) was PCR-amplified, purified, and then digested with DNase I to obtain fragments about 50 bp in length. These relatively small fragments were reassembled to larger 100 -800-bp fragments using PCR as described previously (18) . The reassembled products were A-tailed and ligated to the pCTCON2-T. The ligation products were transformed to the competent yeast cell line EBY100 using electroporation. Transformed cells were partially spread on SDCAA Amp plates and incubated overnight at 30°C. The number of colonies was counted to estimate the library size. Conditions for yeast growing and induction of surface antigen expression in solution have been described previously (12, 13 Obtained fragment sequences were first translated into amino acid sequences and aligned against the full-length H5N1 (A/Anhui/1/2005) HA amino acid sequence. A sliding window of 10 amino acids was used to scan across the entire alignment from the N to C terminus one residue at a time, although the size of the window and scanning steps can be adjusted. When a window found fragment sequences containing at least five amino acid residues or was Ն50% identical to those in the fulllength sequence, the position of the given window was scored based on the number of fragment sequences identified. The window containing the highest number of fragment sequences was classified as the first antigenic domain, which was then plotted based on the frequency of amino acid residues along their corresponding positions in the full-length HA sequence. The scanning process continued again from the beginning until the entire fragment sequences had been assigned to appropriate antigenic domains. For clarity, all the antigenic domains were colored and kept consistent in all of our figures and tables.
Structure Modeling of Antigenic Domains-The H5N1 (A/ Anhui/1/05) HA structure was modeled based on the crystal structure of the highly related H5N1 (A/Vietnam/1194/04) HA (PDB code 2IBX). The seven antigenic domains (D1 to D7) and the stretch of 6 -23 residues at the peak of each antigenic domain (P1 to P7) as well as the previously identified antigenic domains were superimposed onto the model structure. The structure figures were made with program PyMol (DeLano Scientific, San Carlos, CA).
RESULTS

Construction of a Combinatorial Antigen Library Using Yeast
Surface Display System- Fig. 1 illustrates the process. It starts with selection and PCR amplification of a target gene followed by DNase I treatment ( Fig. 1, step 1 ) to generate the library of random fragments. The lengths of the fragments are critical in preserving the linear as well as conformational epitopes of the target protein. We achieve the desired lengths of random fragments through PCR-mediated reassembly of digested products as described previously (18) . Once purified and provided with a 3Ј-A overhang, the PCR products are ligated directly ( Fig. 1 , step 2) to a modified yeast surface display plasmid pCTCON2-T containing a 3Ј-T overhang. The ligated products are then introduced into the yeast host by electroporation (Fig. 1, step 3 ). After mixing with serum/plasma from either infected and immunized subjects, the positive yeast clones are analyzed and sorted by FACS (Fig. 1, step 4 ) and then plated on agarose ( Fig.  1, step 5 ). Single yeast clones are selected and confirmed by FACS again (Fig. 1, step 6 ) before they are subjected to sequencing ( Fig. 1, step 7 ) and finally sequence and structural analysis ( Fig. 1, step 8 ). It must be stressed why the yeast was chosen over other display systems. First, its protein expression relies on a eukaryotic host capable of post-translational modification such as glycosylation or extensive disulfide isomerization, both absent in prokaryotes. Second, it permits rapid and quantitative library screening and sorting by FACS without the need for soluble expression and purification of each individual clone. Third, it maintains the genotype-phenotype linkage allowing direct genetic characterization and manipulation of displayed proteins (12) (13) (14) . Selection Process Is Robust and Highly Specific-To verify the robustness and specificity of the process, we used mouse serum immunized with three different HA peptides or a mAb (AVFluIgG03) with known epitope specificity to the H5N1 (A/Anhui/1/2005) HA protein (15) . Fig. 2D demonstrates the overlapping nucleotide sequences of the positive yeast clones and their positions relative to the original full-length HA sequence used for the construction of combinatorial yeast library. The fragments selected from the peptide-immunized serum are shorter (Ͻ100 residues) compared with those selected by the mAb (Ն100 residues), which recognizes a conformational rather than a linear epitope (15) . We used a computer algorithm to scan the selected sequences for the most frequently recognized stretches of amino acid residues (Fig.  2E) . The peptide-immunized sera yielded high frequency residues that, upon close examination, are known peptide immunogens. In contrast, the high frequency residues yielded by the mAb include a much broader range, because of its more complex structural recognition (15) . These results reinforced the validity and accuracy of our approach in identifying both conformational as well as linear antigenic domains. It also verified that antibodies recognizing long fragments (Ն100 residues) select conformational domains, whereas those recognizing short fragments (Ͻ100 residues) select linear domains. We have therefore used 100 residues as an arbitrary standard to distinguish linear or conformational domains selected by the polyclonal serum/plasma (see below).
Quantitative Analysis of Polyclonal Antibody Response against H5N1 (A/Anhui/1/2005) HA Protein in Immunized
Mice-In our study, three separate mouse serum samples were used. One was a serum mix (sM) from five immunized mice, with equal contribution from each animal. The other two (sA and sB) were part of the five but unmixed. A total of 89, 55, and 78 positive yeast clones were selected and sequenced from the sM, sA, and sB samples, respectively. ment sequences identified were from the HA1 region than the HA2 region, suggesting more polyclonal antibody responses were against HA1 region in these animals. This finding is in complete agreement with earlier reports in which different adult BALB/C and CBA/Ca mice express distinct antibody repertoires to the same HA protein (19, 20) .
To further characterize the polyclonal antibody responses against HA1 and HA2, we translated all nucleotide sequences into amino acids (Fig. 3B) . In each of the three samples, the number of amino acids recognized by the serum is greater in the HA1 region than in the HA2 region, reflected by the area under the curve (AUC) 2 (Fig. 3B) . In sM, for example, it is estimated that 74% of AUC corresponds to HA1 and the remaining 26% to HA2. In other words, HA1 is about three times more recognizable by the serum than HA2. Similarly, the ratios of AUC 2 The abbreviation used is: AUC, area under the curve. between HA1 and HA2 in sA and sB were 84:16% and 60:40%, respectively (Fig. 3B) . Such biased recognition is unlikely the result of HA1 merely being longer than HA2, as the ratio of AUC for each sample is significantly different from the statistically expected value of 1.8 (329 versus 186 residues).
Quantitative Analysis of Polyclonal Antibody Response against Linear and Conformational Antigenic Domains within H5N1 (A/Anhui/1/2005) HA Protein in Immunized Mice-We
next analyzed the linear versus conformational antigenic domains within HA1 and HA2 based on the length of the fragments selected. The deduced amino acid sequences were separated into short (Ͻ100 residues) and the long (Ն100 residues) fragments (Fig. 3, C and D) as they are likely selected out by the polyclonal antibodies recognizing either the linear or conformational epitopes, as shown above (Fig. 2, D and E) . Short fragments corresponding to several discrete antigenic domains within HA1 and HA2 were identified by computer algorithm for sequence scanning and clustering (Fig. 3C) . Domains 2, 5, and 7 are shared among the three samples, and domains 1, 4, and 6 are shared between sM and sA. Domain 3 was only identified in sM. This is expected as sM is the mixture, including sA and sB. In contrast, no discrete antigenic domains could be identified among long fragments, although some regions within the HA1 and HA2 are preferentially recognized (Fig. 3D) . Fig. 4 demonstrates the nucleotide and amino acid data. To our surprise, significantly more fragments were identified in HA2 (80% AUC) than in HA1 (20% AUC). The deduced amino acid sequences were separated into short (Ͻ100 residues) and long (Ն100 residues) fragments and subjected to sequence scanning and clustering algorithms (Fig. 4,  middle panel) . Within the short fragments, domain 7 was exceedingly dominant (Fig. 4, middle left panel) . This domi- nance was partially mirrored within the long fragments, as the AUC for HA1 and HA2 regions are 38 and 62%, respectively (Fig. 4, middle right panel) .
Quantitative Analysis of Polyclonal Antibody Response in Human Recovered
Finally, we compared our results with those reported by Khurana et al. (11) where the antigenic fragments of a different H5N1 strain (A/Vietnam/1203/04) were studied using phage display libraries. Antigenic fragments selected by pooled convalescent sera from the five H5N1 patients were retrieved, separated into short and long fragments, and then subjected to the same analysis (Fig. 4, bottom panel) . It is clear that the pattern and distribution of antigenic domains are quite distinct between the two studies. Their approach tends to select significantly more short fragments than long fragments (696 versus 88) although ours is quite balanced between the two (54 versus 27). Furthermore, an extremely dominant antigenic domain was identified near the C terminus of the HA2 in their study which is absent in ours (Fig. 4, left bottom panel) . Finally, the AUC for HA1 and HA2 within the long fragments are reversed between the two studies with HA2 dominant in ours and HA1 dominant in theirs (Fig. 4, right middle and bottom panel) . Table 1 , in the sera from three mice a greater proportion of the antibody response was HA1 versus HA2 (74 versus 26%, 84 versus 16%, and 60 versus 40%), and in the recovered humans the reverse was true (20 versus 80% and 31 versus 69%). This result suggests that for the HA protein studied, HA1 is more immunogenic than HA2 in immunized mice. In recovered humans, however, the dominance of the HA2 response is likely the result of a boosting effect through multiple influenza infections where the HA2 region is more conserved than HA1 among various strains. In addition, AUC for long and short fragments in mice and humans are quite comparable with certain exceptions. For example, sA shows a larger response to the long fragments (66%), and sG shows a larger response is directed toward the short fragments (65%), suggesting a different host may mount a different proportion of polyclonal antibody response toward the linear or conformational epitopes. Furthermore, within the short fragments, domain 2 in HA1 and domain 7 in HA2 are shared by all mice and human samples, although the former is preferentially recognized in mice (16 versus 8%, 15 versus 6%, and 28 versus 20%) whereas the latter is dominant in human (1 versus 48% and 4 versus 7%). To our knowledge, this is the first time these two domains have been shown to possess the highest antigenicity in the entire HA protein. The remaining domains are variably recognized among the mice and human samples. Finally, an exceptionally dominant domain (domain 8, 31%) is identified near the C terminus of HA2 as shown by Khurana et al. (11) in a recovered human, which is distinct from those found in our study.
Relative Proportion of Polyclonal Antibody Response against Various Regions and Antigenic Domains within HA-As seen in
Structural Analysis of Antigenic Domains-We next performed the structural analysis of the antigenic domains identified within the short fragments by superimposing each of them on a previously defined crystal structure of H5N1 HA from Vietnam (A/Vietnam/1194/04) (Fig. 5A, panel a) (21) . The most strongly recognized domain 2 in mice is located in the globular head of HA1 just upstream of the receptor binding domain (21) . Domain 7, which is highly recognized in both mice and recovered humans, corresponds to the helix B region in HA2 (21) . Intermediately recognized domains 3 and 4 encompass the previously described 130-Loop, 190-Helix, and 220-Loop, critical for receptor binding activity (21) . Domain 6 overlaps with much of the stalk of HA2 (21); this and domains 1 and 5 constitute the major epitopes recognized by several crossreactive human antibodies with broad neutralizing activities against diverse influenza subtypes (4, 6, 9, 22, 23).
We also analyzed these seven domains in relation to those previously identified (24 -27) . For clarity, only the stretch of 6 -23 residues at the peak (P) of each antigenic domain (within a dark bracket in Table 1 ) is shown (Fig. 5, A, panels b and c, and  B) . P1 to P4 are located in the globular head of HA1 and clustered around the receptor-binding sites (Fig. 5, A and B) . P1 and P2 do not overlap with any previously identified antigenic domains. P3 partially overlaps with Ca2 and Sa and P4 with Sb and Ca1 regions of H1 (Fig. 5, A, panels b and c, and B) . In fact, several residues within P3 and P4 overlap with the antigenic sites identified by characterizing escape mutants of a recombinant virus against H5 (A/Vietnam/1203/04)-specific mAb (28 -30) . Furthermore, P5 is located at the junction of HA1 and HA2, in close proximity to the cleavage site between the two (Fig. 5B) , and so far this has not been reported elsewhere. Interestingly, both P6 and P7 in HA2 are located close to the transmembrane domain (Fig. 5, A, panel b, and B) and P6 minimally overlaps with major epitopes recognized by several cross-reactive human antibodies with broad neutralizing activities against diverse influenza subtypes (Fig. 5B) (4, 22, 23) . Structurally, P6 overlaps with a ␤-hairpin just preceding the helix A region, whereas P7 overlaps with the C terminus of the helix B region (Fig. 5A, panel b) (21) . No reports have so far identified P6 and P7 as major antigenic domains except by Khurana et al. (11) .
DISCUSSION
We report here the development a novel and robust technique to qualitatively and quantitatively measure polyclonal antibody response in vivo. This technique is based on the positive selection and characterization of yeast clones displaying serum/plasma-specific antigens on its surface from a large based on the AUC. We believe that the technique provides comprehensive assessment of polyclonal antibody responses in vivo and will facilitate our better understanding of the repertoire of antibodies generated in response to infection and vaccination. The technique and quantitative data collected here is the first of this kind for the study of polyclonal antibody response in vivo. It offers several advantages over existing techniques. First, the combinatorial antigen library displayed on the yeast surface provides substantially more antigens compared with that used in ELISA or other protein-based detection approaches. Second, the production of antigens is straightforward and cost effective through continuous culture of the yeast library. This will avoid time-consuming steps for protein production and purification. Third, as staining and detection of antigens are conducted in solution by FACS, the antigen displayed on the yeast surface and selected by the polyclonal serum would most likely reflect the intrinsic interaction between antigen and antibody within the host. This feature will minimize the confounding nonspecific interaction of polyclonal antibodies with solid surface-bound antigens used in ELISA and other assays. Fourth, the antigens displayed on the yeast surface can potentially be used to identify potential functional domains of target protein for use as an immunogen. In fact, we have used a few selected yeast clones to immunize mice and induced high levels of binding antibody responses against the full-length H5N1 HA protein (A/Anhui/1/2005) shown in Fig. 6 . However, this is not to say our approach is without shortcomings. It is expected that some of the conformational epitopes, in particular those formed through inter-molecular interaction, will be lost during the fragmentation process for library construction. We have to bear this caveat in mind when we analyze the data and draw conclusions from it.
This approach has so far been used to study only H5N1 (A/Anhui/1/2005) HA, but it is clearly applicable to proteins from various pathogens. It is therefore possible to determine the antigenic structure of a wide variety of biologically relevant antigens in infected patients or vaccine recipients. In particular, if the serum-reactive yeast clones could be formulated in an array form, it would certainly increase the throughput to analyze a large number of serum samples and to make more statistically sound conclusions. Finally, when combined with other techniques such as ELISA, neutralization, and antibody-dependent cell-mediated cytotoxicity assays, it will help us to better understand which antigenic domains are most relevant to disease progression and immune protection. This will bring us ever closer to the goal of rational vaccine and therapeutic design.
